Study of the Potential of Downsizing in Mid-Size Truck Engines by Quesada Pascual, Agustin & Chico Gonzalez, Sergio
ISRN LUTMDN/TMHP-17/5397-SE 
ISSN 0282-1990 
 
 
 
 
 
 
 
 
 
Study of the Potential of Downsizing 
in Mid-Size Truck Engines 
 
 
 
 
Sergio Chico González 
 
Thesis for the degree of Master of Science in 
Engineering 
Division of Combustion Engines  
Department of Energy Sciences 
Faculty of Engineering | Lund University 
 
 
  
 
Study of the Potential of Downsizing in  
Mid-Size Truck Engines 
Volvo Powertrain AB 
 
Sergio Chico González 
Agustín Quesada Pascual 
 
 
Department of Combustion Engines 
Faculty of Engineering LTH at Lund University 
Sweden 
2017-06-10 
 This degree project for the degree of Master of Science in Engineering has been conducted at 
the Division of Combustion Engines , Department of Energy Sciences, Faculty of Engineering, 
Lund University, and at Volvo Powertrain AB  
Supervisor at the Division of Combustion Engines was Professor/Dr Martin tunér 
Supervisor at Volvo Powertrain AB was Ulf Aronsson  
Examiner at Lund University was Professor/Dr Per Tunestål 
The project was carried out in cooperation with Agustín Quesada Pascual 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thesis for the Degree of Master of Science in Engineering 
ISRN LUTMDN/TMHP-17/5397-SE 
ISSN 0282-1990 
© 2017 Agustin Quesada & Sergio Chico samt Energy Sciences 
Combustion Engines 
Department of Energy Sciences 
Faculty of Engineering, Lund University 
Box 118, 221 00 Lund 
Sweden 
www.energy.lth.se
 
  
iii 
 
 
Acknowledgments 
 
Being part of this challenging project would not have happened if it were not for our main supervisor in 
Volvo Powertrain AB, Ulf Aronsson, and the engine performance analysis group manager at Volvo 
Powertrain AB, Martin Bauer, who gave us the first opportunity and supported us throughout these 
months. Special thanks to Hadeel Solaka and Johan Carlén for their willingness to help us to succeed in 
this master thesis. 
We would also like to thank Martin Tunér, our main supervisor at Lund University, and Jesús Casanova, 
our main supervisor at Polytechnics University of Madrid, for taking on this master thesis.   
  
iv 
 
  
  
v 
 
Abstract 
 
Emissions regulations are becoming more demanding with the time so intense research activities are 
being carried out in automotive and transportation companies in order to fulfil these limits. There are 
several different ways to comply with this legislation with the common objective of increasing the 
general efficiency of the system and hence lowering the emissions. These solutions range from using 
hybrid powertrains to improve the conventional internal combustion engines efficiency. Throughout this 
project, the downsizing concept will be studied more in depth and introduced as a possible solution to 
increase the efficiency under some specific conditions. 
The scope of this master thesis is to create two engine models, one 8 litre engine with 6 cylinders in line 
that will be considered as the base model and a 5 litre engine with 4 cylinders in line, which plays the 
role of the downsized engine, so that the benefit of this solution is tested in mid-size trucks engines. The 
modelling is developed using Volvos in-house software and, in order to be able to trust the results, the 
models are validated against real test data. Both engines models are then run over two road cycles, what 
allows studying for which conditions the downsizing is a solution to take into account. 
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 “It had long since come to my attention that people of accomplishment rarely sat back and let things 
happen to them. They went out and happened to things.” 
Leonardo da Vinci 
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1. Introduction 
1.1. Background 
Intense research activities are being carried out in automotive and transportation companies regarding 
the emission legislations enforcement. More fuel efficient vehicles are demanded these days so several 
different ways to achieve that are being studied: using hybridization, improving general consumption of 
the system by studying in depth auxiliary equipment or increasing engine’s efficiency, among others. 
In this case, the master thesis is focused on engines engineering, thus improving the internal combustion 
engine´s efficiency and so decreasing the fuel consumption are the main goals. Figure 1 is an example, 
for a heavy-duty truck driven at 80 km/h on a highway [1], which shows where the energy that is filled in 
the vehicle as fuel goes. Different approaches have been developed in the last years in order to lower 
the losses, such as trying to regain part of the exhaust losses by implementing a Rankine cycle waste 
heat recovery unit.  
 
Figure 1. Heat Balance of Heavy-duty Diesel engine on highway [1] 
The concept that will be developed along this master thesis is the downsizing of the diesel engine. Until 
the decade of the 90´s, heavy-duty diesel engines used to be naturally aspirated and characterized by 
large displacement. However, during the last years, a new generation of smaller displacement engines 
with turbochargers has come along presenting the same power output, torque or emissions but with 
lower fuel consumption than the bigger ones. 
Downsizing is a big concept under which different configurations can be tried and drive to success. As it 
has already been mentioned, turbocharging becomes more important and different setups have been 
simulated depending on the application. The way it is applied, for instance, can differ between passenger 
cars, heavy-duty trucks running on highway, heavy-duty trucks for non-road applications or mid-size 
trucks. Different companies and different studies have tried to quantify the fuel savings through 
different configurations: downsized engine with Single-Stage Turbocharging System, downsized engine 
with Two-Stage Turbocharging system, Twin Scroll Asymmetric Turbocharger or E-booster. When 
downsizing, it is usually preferable to use a Two-Stage turbocharger, as it will be explained in the 
corresponding theory section, thus the typical engine model may look similar to the one in Figure 2.[3] 
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Figure 2. Example of Two-Stage turbocharging system [3] 
For this project, a Single-Stage Turbocharger with Variable Geometry Turbine will be used instead. For 
this reason, the model shown in this study might look more alike to the one in the next Figure 3. 
 
Figure 3. Example of Single-Stage turbocharging system [3] 
 
1.2. Objectives 
The aim of this master thesis is to investigate the possible benefits of downsizing a mid-size truck engine 
from 8L to 5L. The thesis will be approached through the creation of two models of existing engines 
installed in Volvo Powertrain AB in France. Models will be developed in ICES (Volvo in-house tool for 
engine simulations). The purpose of these models is to simplify the improvement process of the engines, 
as it is a fast way to estimate the impact in the engine performance of different design changes. Once 
the engine models are built, the potential of downsizing will be studied, paying special attention to how 
well it is able to compete with a bigger engine and fuel consumption.  
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2. Theoretical background  
2.1. Introduction to diesel engines 
An internal combustion engine (ICE) is a machine that produces mechanical work from the combustion of 
fuel along a thermodynamic cycle. The combustion process occurs inside a cylinder where a mixture of 
air and fuel is compressed and ignited. The increase of in cylinder pressure due to combustion pushes 
the piston and expands the cylinder volume, transferring mechanical energy to the crankshaft.  
ICEs can be classified according to the way in which fuel ignites. In a diesel engine, also known as 
compression ignition engine (CI), the fuel auto-ignites due to high pressure and temperature in the 
cylinder. Similar to a diesel engine, there is the gasoline engine or spark ignition engine (SI), where the 
structure is similar but the ignition is produced by a spark. The difference between both engines is 
explained through the fuel property of auto-ignition, which depends on pressure, temperature and fuel 
chemical composition. While diesel is easy to auto-ignite, gasoline requires higher pressure and 
temperature.  
The engines studied in this thesis are four-stroke diesel engines, which mean that the piston travels the 
cylinder four times in each cycle. Each stroke has a different function. Figure 4. Four stroke diesel 
engineshows the different processes that correspond to each stroke. These are: 
1. Intake: in this stroke the inlet valve opens and the piston goes down from the top dead centre (TDC) 
to the bottom dead centre (BDC) sucking air into the cylinder. 
2. Compression: when the inlet valve closes, the piston goes up and compresses the air inside the 
cylinder. 
3. Combustion: when the piston is close to TDC, injectors spray diesel through the nozzles into the 
cylinder and the pressure and temperature conditions cause the auto-ignition of the fuel. The 
combustion pushes the piston down to the BDC. The expansion work is driven into the crankshaft. 
This stroke is also known as power stroke.  
4. Exhaust: in this stroke the exhaust valve opens and the piston goes up again, expelling the burnt 
mixture out of the cylinder. 
  
4 
 
 
Figure 4. Four stroke diesel engine 
Each stroke, by definition, is always 180 crank angle degrees from TDC to BDC or vice versa. 
Nevertheless, in a real engine the processes corresponding to each stroke are not exactly 180 degrees. 
There is overlapping between the different processes in order to get better performance. 
Looking at the injection, diesel engines inject fuel at high pressure into the cylinder. With the fuel rail 
pressure and the injection profiles, combustion can be optimized. Anyway, the flame will be a diffusion 
flame. Figure 5 illustrates this type of flame. When entering the cylinder, liquid fuel goes ahead until the 
energy of the entrained charge is enough to vaporize. This point defines the ‘liquid length’. Beyond this 
point, vaporized fuel and the air as a mixture keep on dragging hot gases so that a premixed combustion 
is generated. At the same time, a diffusion flame is produced in the surrounding part of the flame and it 
extends upstream to the “lift-off length”. This length sets the ratio between the premixed combustion 
and the diffusion flame. Beyond the lift-off length, diffusion flame at high temperatures and high oxygen 
concentration form NOx. 
 
Figure 5. Conceptual Diesel quasi-steady diffusion flame[18] 
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Diesel engines need a higher compression ratio than gasoline engines in order to auto-ignite. The higher 
compression ratio forces the engine to have heavier and stronger parts to resist stresses. As a 
consequence, diesel engines have a lower power-to-weight ratio than gasoline engines.[4] On the other 
hand, looking at energy density, diesel has between 18% and 30% more energy per volume unit than 
gasoline.[5] Globally, Diesel engines provide higher torque for a similar engine size. 
Higher torque and a better fuel economy together with its higher reliability make diesel engine a better 
candidate for heavy vehicles, such as trucks, buses or tractors. Other applications where diesel engines 
can be found are energy generators, marine applications or construction equipment. Another main 
application for diesel engines is passenger cars, where in Western Europe in 2016 new diesel cars 
(49.5%) overcome new gasoline cars (45.8%).[7] 
 
2.2. EGR and Turbocharging 
These two elements will be explained more in depth than others due to its importance in the model that 
will be developed during the project. 
2.2.1. EGR 
Due to high restrictions in emissions, EGR appears as NOx reduction technique. The EGR or ‘Exhaust Gas 
Recirculation’ is currently used in every diesel engine. The idea with this system is to recirculate the 
exhaust gas to the entry again so that the temperature is reduced during the combustion. 
 
Figure 6. φ -T diagram. Soot and NOx formation 
If the temperature is reduced, it can be seen in the diagram φ-T in Figure 6 that the process is moved to 
the left so that it does not cross the NOx region so much. Hence, the use of EGR reduces the NOx 
formation. Different concepts can be used in order to have a more complex EGR system with High-
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Pressure loop and a Low-Pressure, for example. Some of these details will be mentioned when talking 
about downsizing. 
Moreover, the composition of the charge entering the cylinder changes since the stream coming through 
the EGR recirculation contains more CO2  and H2O . When these components are mixed together with the air 
coming from the intake, they lower the O2 concentration, which is known as “dilution effect”. When diluting the 
mixture, the time in the soot formation regions is increased because this region is pulled down to lower 
φ and T but the effect in this case is not as straight forward as for the NOx. 
2.2.2. Turbocharging 
Turbocharging is an additional step in the thermodynamic cycle. Its main purpose is to use the exhaust 
energy to compress intake air. If the intake air is compressed, the density will increase so the amount of 
oxygen entering the cylinder is higher. Thus, it allows burning a higher amount of fuel increasing the 
power and the peak pressure. This concept is very important when downsizing an engine because it aims 
to keep the power level of the baseline engine but with a reduced displacement, hence, boosting is 
necessary. 
The turbocharger is formed by a turbine and a compressor. The turbine is the element set in the exhaust 
and is driven by the exhaust gas so that it transmits the speed to the compressor (shared shaft), what 
allows to compress the air. There are some other variants such as the supercharger which, instead of 
using a turbine to move the compressor, uses mechanical energy from the crank shaft or an electric 
motor, which would affect the motor efficiency. 
Different configurations and setups will be studied along the project. 
2.3. Energy Balance. Losses 
Making an energy balance for the engine is the best way to know how the energy is distributed 
throughout the thermal cycle. 
?̇?𝑓ℎ𝑓 + ?̇?𝑎ℎ𝑎 = 𝑃𝑏 + ?̇?𝑐𝑜𝑜𝑙𝑎𝑛𝑡 + ?̇?𝑚𝑖𝑠𝑐 + (?̇?𝑓 + ?̇?𝑎)ℎ𝑒 (1) 
Where: (?̇?𝑓ℎ𝑓 + ?̇?𝑎ℎ𝑎) is the fuel and air energy; 𝑃𝑏, the brake power; ?̇?𝑐𝑜𝑜𝑙𝑎𝑛𝑡 , heat losses through 
coolant; ?̇?𝑚𝑖𝑠𝑐, heat losses through pipes and others; (?̇?𝑓 + ?̇?𝑎)ℎ𝑒, the exhaust losses. 
Taking into account the definition of the different parts in the energy balance, several losses can be 
defined, whose relative importance depends on the kind of engine and combustion type (SI or CI). In this 
case, all the comments will be referred to diesel engines. 
 Friction losses. Friction in general can usually be divided into two different groups: coulomb or 
dry friction, which occurs when asperities come into contact between two surfaces moving 
relative to each other; and fluid friction, when two adjacent layers of fluid are moving at 
different velocities. The most representative parts of this group are shown in the Figure 7. 
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Figure 7. Mechanical losses of a diesel engine [11] 
The most relevant one is the Piston Ring Assembly compound, which consist of the piston rings, 
the piston skirt and the liner. A lot of factors intervene in this part of the frictional loss, such as 
the properties of the lubricants, but this is one of the places where there is a wider room for 
improvement when applying downsizing; the surface upon which the friction is produced is 
considerably reduced and so the losses. 
 Pumping losses. It is not a very relevant loss in diesel engines since it is mostly produced with 
high mass flow rate over the valves from the intake and with high amounts of EGR. In downsizing 
section it will be studied a more in detail since turbocharging can generate some pumping 
inconveniences. 
 
 Heat transfer losses. There are different ways of defining the heat transfer losses but in this 
project, they will consist of the in-cylinder heat transfer losses. All the heat transfer mechanisms 
appear: conduction, convection and radiation. Using the correspondent laws for these methods, 
it is possible to know where the heat transfer goes. 
 
 
Figure 8. Path for heat flux [15] 
In order to calculate the heat losses in the engine, empirical correlations are usually used. One of 
the most famous is the Woschni Model, which despite being used since the 70´s, is still in use by 
adding some parameters that allow improvements on its behaviour for modern engines. 
 
 Exhaust losses. It includes the losses through the exhaust ports, the manifold and the exhaust 
system in general, where the EATS is found. It could also be taken into account the unburned 
fuel that leaves the cylinder as well. It usually happens that the sum of the exhaust ports and 
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manifold losses overcomes the in-cylinder losses but, on the other hand, part of the energy 
through the exhaust will re-enter the circuit thanks to the EGR system or the turbocharging 
system. 
 
 Combustion losses. They refer to the chemical reactions of the fuel itself. Not all the components 
of the fuel will react into the wanted products so it can be said that not all the fuel reacts as 
desired. In fact, the combustion efficiency is very high. For a well-designed engine, combustion 
losses can be, e.g., around 1% of the global energy balance.[12] 
2.4. Emissions and EATS 
An ideal diesel combustion process burns diesel, which is a mix of hydrocarbons (HC), with the O2 in the 
air. That process would only produce CO2, H2O and the unused air. From those emissions, only CO2 has 
an adverse environmental effect, as it is a greenhouse effect gas.  
In reality, diesel combustion has more emissions from non-ideal processes, such as combustion of non 
HC components in the fuel, incomplete combustion or high temperature reactions. Most of these are 
harmful to health and environment. The most important pollutants are carbon monoxide (CO), carbon 
dioxide (CO2), unburned hydrocarbons (HC), nitrogen oxides (NOx) and soot. 
Tier Date Test cycle CO HC NOx PM Smoke 
Euro I 
1992, < 85 kW 
ECE R-49 
4.5 1.1 8.0 0.612  
1992, > 85 kW 4.5 1.1 8.0 0.36  
Euro II 
October 1996 4.0 1.1 7.0 0.25  
October 1998 4.0 1.1 7.0 0.15  
Euro III 
October 1999 EEVs only ESC & ELR 1.0 0.25 2.0 0.02 0.15 
October 2000 
WHSC 
2.1 0.66 5.0 0.10 0.8 
Euro IV October 2005 1.5 0.46 3.5 0.02 0.5 
Euro V October 2008 1.5 0.46 2.0 0.02 0.5 
Euro VI 31 December 2013 1.5 0.13 0.4 0.01  
Table 1. Emission Standards for HD Diesel Engines, g/kWh (smoke extinction coefficient in m
-1
) [16] 
In Table 1 it is possible to see how emissions standards have drastically evolved towards cleaner 
emissions.  
 CO: odourless, tasteless, colourless and very toxic gas. Combined with haemoglobin, causes a failure 
in oxygen delivery in the circulatory system. CO appears when there is not enough oxygen to form 
CO2. After a few hours in the atmosphere, CO turns to CO2. CO appears in rich fuel mixtures, as the 
lack of air causes incomplete combustion.  
To avoid CO emissions, a diesel oxidation catalyst (COD) is placed in the exhaust. In the COD, HC and 
CO are oxidised to CO2 and H2O. 
 HC: combination of many hydrocarbon species. Some of these emissions, as aromatics, can be very 
toxic to human health. HC also contribute to O3 formation. HC is basically unburned fuel coming out 
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the exhaust caused by an incomplete combustion. As it happens with CO, the COD placed in the 
exhaust oxidases HC to CO2. 
 
 NOx: Emissions which include NO and NO2. They have a high contribution to smog, acid rain and 
ozone formation. These gases are formed from the N2 and O2 in the air at high temperatures, such 
as those that appear in combustion engines.  
In Figure 9 the region where NOx are formed can be seen. Even if this region varies with different 
fuels, it is always at high temperatures and equivalence ratios between lean and stoichiometric, as 
there is air excess that does not interact with the fuel.  
 
Figure 9. Soot and NOx formation regions in φ-T map 
NOx are mainly formed through the Zeldovich mechanism, which is a combination of three 
reversible chemical reactions.[12] This reversibility allows EATS to turn the NOx, with ammonia and 
O2, to N2 and H2O through a Selective Catalytic Reduction (SCR).  
 Soot: Carbon particles produced from incomplete combustion of hydrocarbons. These emissions are 
harmful for respiratory organs and can cause cancer. Soot is also the second biggest human 
contribution to global warming.[14] 
Soot is mainly formed in diesel engines, as the mixture is rich during injection and so there is an 
incomplete combustion. The evolution of the diesel combustion can be seen in Figure 9. When there 
is a high equivalence ratio and medium temperatures, e.g., 1400-2200K, the combustion is in the 
soot formation region. This problem does not appear in SI engines as they run close to 
stoichiometric. 
In order to avoid soot emissions and satisfy restrictions levels, a diesel particulate filter (APF), placed 
in the EATS, traps the soot. 
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2.5. Downsizing 
The concept of downsizing refers to reducing total engine displacement. It can be put into practice in 
different ways. In the case of this master thesis, the difference between the 8L baseline engine and the 
5L downsized engine is the number of cylinders: 8L engine with 6 cylinders in line turns into a 5L engine 
with 4 cylinders in line. Different reasons may lead to use downsizing, such as weight constraints, 
packaging or reducing fuel consumption and emissions. In this project, the focus is on the last one. 
In Figure 10, the difference in operating points between an engine and a same power downsized engine 
can be seen. For a given power and a constant speed, if the total displacement is decreased, then the 
engine may be working at higher load and thus higher Brake Mean Effective Pressure (BMEP). On the 
right side of Figure 10, if the volume is decreased from V1 to V2, the engine will be running over the 
dashed line. Since BMEP increases, the Brake Specific Fuel Consumption (BSFC) will decrease.  Working 
under these conditions could be a problem for SI due to knock but here diesel engines for mid-size trucks 
will be used. 
 
Figure 10. Effect of engine downsizing [5] 
Continuing with the same reasoning, when an engine with the same volume works with higher BMEP, 
the amount of air also increases and so the amount of EGR, what makes a turbocharging system 
necessary. If high-boost turbocharging is used, a rising exhaust pressure can come along with it so, 
assuming a constant efficiency of the turbocharger, the pumping losses could increase and so the fuel 
consumption. In order to avoid it, what would entail the opposite to the desired effect, an improved 
turbocharging system should be employed. The most common decision is to use a Two-Stage 
turbocharger that allows enlarging the range of operating points in which the turbocharger efficiency is 
higher. A Variable Geometry Turbine (VGT) or even a Variable Geometry Compressor (VGC) can also be 
used aiming the same [7]. 
In addition, a bit more complex EGR can be implemented using both a high-pressure loop EGR (HPL-EGR) 
and low-pressure loop EGR (LPL-EGR) [2]. It is used to counteract the pumping work produced by the 
Two-Stage Turbocharger; the HPL-EGR is unable to supply the exhaust gas back to the cylinder unless the 
VGT is modified but it is possible with the LPL-EGR, even in pumping conditions.  
There have been some studies regarding the Downsized Four Cylinder Engine in which the effect of using 
Variable Valve Actuation (VVA) and Timing (VVT) is analysed [3]. For example, one possible approach is 
to retard the exhaust valve timing so that the exhaust gas is recompressed and thus the energy available 
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entering the turbine is higher. On the other hand, retarding exhaust valve timing can negatively impact 
the scavenging process during valve overlap. 
To summarise, by adopting a downsized engine, the friction loss is reduced and, if the turbocharging 
system is correctly designed, pumping losses can be reduced, as well. If downsizing, as in this project, 
means removing cylinders, it can be translated to a lower heat-transfer surface, hence lower heat loss. 
Moreover, having fewer cylinders means lighter engines and the packaging is probably easier. The 
performance above explained results in lower fuel consumption and the effect on the emissions will be 
studied later. 
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3. Methodology 
3.1 Method 
In order to fulfil a satisfactory work, the thesis is divided in different smaller objectives or milestones 
with reasonable deadlines and scopes: 
1. Literature review and ICES learning: first of all is to see what others have done in relation with 
downsizing and engine modelling and understanding ICES tool. 
2. Models creation: the creation of the two engine models ready to calibrate. For this step 
communication with Volvo Powertrain AB France is very important to get models as close to 
reality as possible. 
3. Model calibration: Once the models are created, test data is compared with simulation results 
providing information to calibrate the different model parameters. 
4. Simulation and downsizing potential study: When simulation results are reliable, a comparison 
between the 5L and the 8L is done paying special attention to efficiency, emissions and 
performance. 
5. Proposal of possible improvements: In this step, Engineering knowledge and reasoning gained 
through all the studying years need to work together in order to find possible improvements, as 
well as their impact, in the real engines. 
6. Complete report: when all the field work is done, writing a complete report where the entire 
thesis is explained is necessary.  
The fulfilment of these objectives has to take into account that the project is limited to 20 weeks. 
3.2. Software  
Several tools are used in order to achieve all the proposed goals. 
 ICES – ICES stands for Internal Combustion Engines Simulation and it is an in-house Volvo 
software. It is a 1D/0D simulation tool developed in the 80´s. The main advantages are no license 
cost for the company and the flexibility to create new user routines for implementation of new 
functionalities. In addition, ICES is usually run on a cluster, having the possibility to use a Linux 
cluster so that large batches can be simulated in briefs periods of time. It can be used both 
through a command window and a graphical user interface.  
It can be considered the substitute to other softwares commonly used in engines simulation, 
such as GT-Power or AVL Boost, also used in some downsizing studies. Due to the reasons above 
mentioned, the project is developed in ICES. 
 
 Microsoft Visual Studio – It is a developer environment for coding. In this case, a specific Fortran 
compiler is used, as well, since the user routines and different extra functions that can be added 
are programmed in Fortran code.  
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 Matlab – Software tool by Mathworks used for programming in different engineering fields. It 
can be used to complete the general performance of ICES and it is also possible to run the 
simulations from there.  
 
 Engine Optimizer – Volvo in-house developed optimization software that is used coupled to 
ICES. It offers a closed loop optimization combined with design of experiments. 
 
 Model Calibration Tool – Tool developed in Matlab that forces settings from engine test on 
simulation model for validation purpose. 
 
 (ICEPAC) – Tool recently developed for more efficient model calibration by using optimization 
algorithms to minimize difference between test data and simulation results.  
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4. Modelling 
As mentioned already, this thesis work is about developing two engine models; Figure 11 and Figure 12 
show these models in ICES interface. In order to get a close approximation to the real engines, all 
different components have to be detailed and Fortran code must be implemented to simulate specific 
behaviour of some components. 
 
Figure 11. Four cylinder 5L engine model in ICES 
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Figure 12. Six cylinder 8L engine model in ICES 
 
4.1. Injection 
Injection is a key factor to achieve the right combustion in each cylinder and it is important to highlight 
that injection system and profiles are the same for both the 5L and 8L engines. The model demands a 
fuel mass flow profile as a function of the crank angle based on the injection pressure and energizing 
time. In order to provide this profile, measurement data from the real injector has to be transformed. 
The data consist of a matrix with profiles of fuel massflow for different rail pressures and excitation 
times. The implemented model returns the injection profile based on the injected fuel mass per cycle 
and the fuel rail pressure.  
The standard procedure in ICES is to use a physical injector model. However, in this project it was 
decided to model the injection system based on measured injection profiles. For this reason a new 
methodology was developed. 
A Matlab program was developed to integrate the fuel mass flow along the excitation time and so get 
the fuel mass per cycle as a function of rail pressure and excitation time. After that, having fuel mass per 
cycle and rail pressure as inputs, the program gets the closest four profiles in order to interpolate (1). 
These profiles are normalized (2), as they have different excitation times, and then combined (3) and 
multiplied by the input excitation time to get the final profile (4).  
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In Figure 13. Steps for Injection interpolation the followed steps can be seen with the input case of 556 
bar rail pressure and 556μs excitation time (7,6*10-5 kg/cycle fuel mass).  
 
Figure 13. Steps for Injection interpolation 
 
4.2. Pressure drop 
The model has different zones where there are significant pressure drops that must be modelled. These 
are the air filter, the CAC and the EATS. The pressure drop over the EGR cooler is normally modelled but 
in this case, there is no data about it so will only be considered in the pipes of the EGR circuit. 
In order to have the pressure drop calculated in ICES for calculation step, it is possible to provide an 
expression corresponding to a second degree polynomial, this means that three coefficients have to be 
introduced. In this expression, the pressure drop is given as a function of the corrected mass flow but the 
provided data gives the relation between the increased pressure in the component and the mass flow, so 
the first step is to convert this. 
𝐶𝑀𝐹 =  
?̇?√𝑇
𝑃
   
Taking into account that the corrected flow in this case is the shown in (1), knowing the stagnation 
temperature and pressure for each cycle is crucial. To achieve that, different sensors are used in ICES and 
some routines in Fortran are written so that the final polynomial is calculated based on some 
approximations to the raw data. In the Figure 14, the coefficients in the polynomial are referred to a 
non-corrected flow so these will be the input to the program in Fortran. For most of the components in 
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both the 8L and the 5L engines, a quadratic fitting behaved in a very good way, however, did not for the 
CAC shown in Figure 15. In this case, the linear approximation with some adjustments gives better 
results and no problems with extrapolation appear in simulation. 
 
Figure 14. Quadratic fitting for the pressure drop data in air filter 
 
Figure 15. Different options to approximate the pressure drop in CAC 
Some assumptions are made when modelling the pressure drop such as no specific back flow is modelled 
since it is not expected in steady-state. 
4.3. Heat exchangers 
Heat exchange in the model is created from efficiency matrices, where efficiency is a function of 
corrected mass flow. Two main systems are modelled as heat exchangers: CAC and EGR cooler.   
Taking as input efficiency (eff), cooling temperature (Tc) and inlet temperature (Tin), the model 
determines outlet temperature (Tout) through the following formula: 
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𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 − 𝑒𝑓𝑓 ∗ (𝑇𝑖𝑛 − 𝑇𝑐) 
4.4. Volumes. Heat transfer 
In the components where the temperatures are high, heat transfer has a significant importance. 
Components considered are the intake and exhaust manifolds. The model uses a complex function, 
which takes into account parameters as temperature inside and outside the component, convection and 
conduction coefficients, thickness or surface area.  
4.5. Turbocompressor  
As mentioned before, models have a turbocompressor with a variable geometry turbine. To model it, 
efficiency and flow maps are measured from the real turbines and compressors. That data is then 
extrapolated and modified to get an accurate map. Figure 16 shows these extrapolations. An important 
modification that is done since provided data was taken out from GT-Power is related to a pre-known 
problem that appears in that program: the swallowing capacity should never decrease with increasing 
pressure. This process has to be done for different positions of the VGT and then put them all together in 
a 3D map as the one seen in Figure 17. Tables with all this values are added to the ICES model and the 
internal code is in charge to apply them.  
 
Figure 16. Extrapolation of turbine speedlines. On the left, flow (kg/s) vs PR (-); on the right, efficiency (-) vs PR (-) 
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Figure 17. Turbine 3D map 
 
For the compressor, the data provided was prepared to be used in GT-Power so some modifications 
were to be made. Additionally, the compressor map was extended by adding more speed lines. 
 
Figure 18. Compressor map 
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4.6. Cylinders 
Several data can be introduced in the cylinders: general dimensions, geometry, information about the 
injected fuel, injection angle, combustion efficiency, combustion model, heat transfer model and 
temperature model. In this case, the injection is treated separately since user component functions in 
ICES are used. 
Regarding the combustion model, Volvo Combustion Analysing Tool (VCATO) is used, which is a complex 
physical model that returns a burn rate profile based on the in-cylinder conditions and the fuel injection 
characteristics in each time step. VCATO handles both the pre-mixed and spray driven combustion. It is 
needed to provide the combustion model with different data that is sometimes hard to know but that 
describes the combustion in different conditions. This combustion model needs to be changed when 
using the calibration tool how will be explained later. 
4.7. Intake and exhaust valves 
General data about the valves is necessary when modeling them such as measurements or material, but 
also information about how it behaves in operating conditions: opening and closing, what will determine 
an important part of the combustion, flow coefficient or cam lift profile. 
4.8. Auxiliary components 
Once the main components in the engine are modeled, additional elements have to be created so that 
the model can be validated and calibrated, and so it is possible to sweep different parameters aiming to 
simulate diverse cycles and conditions. These elements require programming some functions in Fortran 
with the characteristics explained below. 
 Torque controller 
The objective of a torque controller is to adjust the injected fuel quantity to reach a certain torque 
value. This way, the user can force the simulation to follow a given cycle. One option could be 
introducing a function that changes directly the torque in the model but this torque controller works 
in a different way: the idea is to create a new array with the new cycle torque values that will be 
followed by the engine model by adapting the injected fuel. Therefore, for each step, when the 
engine tries to reach the corresponding torque, the model will take the correct injected fuel as it was 
explained in the injection section. The controller must also monitor lambda in order to make sure that 
there is enough air to burn the injected fuel quantity. 
Since the torque controller changes the amount of fuel it is incompatible to force the injected fuel 
with using the torque controller in Engine Optimizer or Model Calibration Tool. 
 EGR controller 
This function lets the user introduce the desired EGR and the model will try to adapt the EGR valve to 
achieve the EGR flow needed. 
 PCP controller 
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Looking ahead, towards the validation and calibration phase, PCP is usually provided in test data so it 
can be used to adjust the model parameters. The implemented controller is able to adapt the start of 
injection by measuring the PCP in the simulation, the pressure at TDC and the test PCP. 
 VGT controller 
In order to have good inlet air conditions in the validation of the forced combustion model, a VGT 
controller is implemented to adjust the VGT position to get the right inlet manifold pressure. This way 
conditions in the cylinder are similar to test data. The VGT controller works with a PI controller in 
which Kp and Ki are parameters determined with Ziegler-Nichols method.    
4.9. Assumptions  
Since this project has the limitation of 20 weeks, some assumptions are made in order to have a working 
model by then. Furthermore, there are some thermodynamic model assumptions that can be done to 
make the model simpler, more efficient and the error is among acceptable boundaries.  
1. No back flow is expected in the air filter in steady-state so it is modelled as the direct one. 
2. As already mentioned, pressure drop is unknown in the EGR so it only takes into account the losses 
in the pipes in the EGR circuit. 
3. Fortran code is used to calculate heat losses in the intake and the exhaust manifolds, being the heat 
loss negligible in the rest of piping that do not take part in heat exchangers. 
4. Injection profile is calculated by interpolating four different profiles according to the fuel mass and 
rail pressure so there can appear slight differences between the real one and the simulated. 
5. The power consumption model in the injector is taken out from an 11 litre engine with a similar 
injection system since the provided data is incompatible in format with ICES. 
6. Other general issues while modelling in ICES such as the lower number of elements needed. In some 
other commercial software more amount of piping and plenums are needed.  
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5. Validation 
5.1. EngineOptimizer 
EngineOptimizer is a Volvo in-house tool designed to minimize BSTC or maximize torque for ICES models 
over a driving cycle with an arbitrary number of constrains. Both hardware and software settings can be 
optimized.  
EngineOptimizer can run an arbitrary number of simulations in parallel. The main program can work as a 
master that distributes simulation cases to client computers, reducing simulation time over a 99%. 
EngineOptimizer can also use a Linux cluster in Gothenburg with above 5000 cores. This makes 
EngineOptimizer a powerful tool for optimizing engine settings.  
5.1.1. Cycle operating points 
In order to find optimum values and calibrate the model, Engine Optimizer needs operating points.  
The way to proceed is to fix values for torque and speed, which correspond to the operating points in the 
test data (centerpoints). These values cover the torque and engine speed range of the engine. This way, 
after validation, results from the model are reliable to use in all operating points of a road cycle.  
Once centerpoints are simulated and seen stable, parameters around centerpoints are swept to have as 
many combinations as possible so that an optimum point can be found. The parameters swept are start 
of injection, EGR valve area, rail pressure and VGT position.  
Engine Optimizer designs a matrix around each centerpoint with the combination of engine parameters 
preset. The design matrix can be designed according to different options. The option used in this thesis 
work is three level full factorial, which gives C*3k simulations, where C is the number of cycle points and 
k is the number of factors swept. The number of combinations increases exponentially with the number 
of control parameters. Figure 19 shows the design matrix for three factors. In the case of the 8L engine, 
there are 76 cycle points and 4 parameters swept so there is a total of 6156 cases.  
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Figure 19. 3 level full factorial for three factors [1] 
Before running the simulations, some constrains can be set to engine parameters. The simulation will 
then try to find an optimum value that fulfills all the limits. In Figure 20 it is possible to see the 
centerpoints for the 6 cylinder engine model. Red points symbolize those cases where constrains cannot 
be fulfilled. In both models lambda, peak cylinder pressure, exhaust manifold temperature and NOx 
emissions are limited. 
 
 
Figure 20. Centerpoints for the 8L engine (before calculation of base matrix) 
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5.2. Model Calibration Tool 
Model Calibration Tool is a Volvo in-house tool used to validate a model by comparing simulation results 
with test data. Model Calibration Tool allows the user to force test data to an arbitrary number of the 
engine model parameters. This way different model parts can be validated individually and test 
conditions can be simulated. Figure 21 and Figure 22 are results from an MCT simulation. Figure 21 
shows an example of forced engine speed in the 4 cylinder engine. Figure 22 shows the peak cylinder 
pressure before the model is validated. This can be seen in the difference between the simulation results 
(pink line) and the test data (purple bars). 
 
Figure 21. Forced engine speed 
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Figure 22. Initial simulation of the PCP before calibration. The aim of the 
calibration is to get the simulation (pink line) closer to engine test results.  
 
Model Calibration Tool can also simulate heat release curves and pressure traces. This is useful to 
compare with measured data and calibrate the combustion process, as it provides relevant information 
of how combustion behaves. In it is possible to see the comparison of the pressure trace and the rate of 
heat release for a particular operating point. In the figure, the red line corresponds to the test data while 
the blue line represents the model simulation. It can be seen that the model is calibrated as both lines 
are almost coincident.  
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Figure 23. Cylinder pressure and heat release rate. Simulation results (blue) versus test data (red). 
5.2.1. Pressure trace adjustment  
Test data pressure traces received were offset both in the crank angle degree axis and in the cylinder 
pressure axis. In order to adjust the pressure trace, a Matlab script was implemented. This script 
compares the compression pressure trace of the simulation and the test data and adjusts the test data to 
fit with the simulation. 
 
Figure 24. Pressure axis offset in pressure trace from test data 
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To adjust the pressure offset, the script takes both pressure values at 180 degrees BTDC and displaces all 
test data as much as the difference between both values. Figure 24 shows the pressure axis offset 
between the test data (red) and the simulation (blue).  
 
Figure 25. CA axis offset in pressure trace from test data 
In order to adjust the CA offset, the same process is done with the points that have the same pressure as 
the simulation point of 20 degrees BTDC (340 CA). Figure 25 shows the crank angle axis offset between 
the test data (red) and the simulation (blue).  
5.2.2. Procedure 
Model Calibration Tool may require different setups depending on the provided test data. For each 
model involved in this project, a different test data sheet was provided so a different procedure when 
using this software, for the 5 litre engine and for the 8 litre engine, was used. 
5.2.3. Combustion validation 
As mentioned before, one of the aims of this tool is to force some parameters to the test data and check 
how the model is able to simulate the rest of the outputs. The first step is to validate the combustion. In 
order to do that, the model in ICES has to be slightly modified so that the inlet manifold conditions are 
forced to those in the test data. Figure 26 shows this modification, where the inlet station temperature, 
pressure and EGR concentration are forced. This way, conditions in the cylinder are the same as in the 
test data.  
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Figure 26. Forced inlet conditions 
 
In this first validation, the aim is to calibrate cylinder and combustion parameters to fit test data engine 
speed, torque, PCP and BSFC. These parameters are compression ratio, ignition delay, heat release 
constant, start of injection, swirl and turbulence.  
5.2.4. Complete model validation 
Once the parameters of the combustion validation are calculated, cylinder and the intake conditions 
parameters are forced in the model. These parameters are the engine speed, injected fuel (it could also 
be possible to force the torque by switching on the torque controller), rail pressure, start of injection, 
ambient temperature, ambient pressure and EGR concentration. Simulations now focus on validating 
components outside the cylinders.   
Furthermore, there is an additional way to run Model Calibration Tool consisting on forcing the “CAs” 
and thus the heat release, using FastBurn as combustion model instead of VCATO. FastBurn is a 
mathematical burn-rate model which can follow an arbitrary burn-rate closely. The basic principle is to fit 
multiple Wiebe functions to a simulated or measured burn-rate.  
In order to use this combustion model in ICES, pressure traces need to be used in a first simulation to get 
the corresponding CAs. For this project, only pressure traces for the 5 litre engine were provided. The 
combustion validation was done only for this engine. As previously described in the modeling section, 
the injection system for the 5 litre and 8 litre engines are the same so it is assumed that when the 
combustion for the smaller one is validated, the combustion for the 8 litre engine is validated as well. 
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5.3. Results from validation 
In this section, the main variables after validation are shown. As it was mentioned before, the validation 
consists of one first stage where the inlet conditions are forced and a second one where only the 
parameters corresponding to the combustion are fixed. 
5.3.1. Inlet manifold conditions forced 
As explained in 5.2.2. Procedure, this step is done for the five litre engine whose pressure traces were 
provided. It is considered that having a good engine speed, engine torque, BSFC, PCP and air mass flow is 
enough to accept the validation of the forced model.  
5.3.1.1. 5 litre engine 
The results are shown below. 
 
Figure 27. Engine speed validation in the 5L engine 
In Figure 27 it is possible to see engine speed from simulation and test data. As engine speed is a forced 
parameter, all values are exactly the same. 
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Figure 28. Brake torque validation in the 5L engine 
Figure 28 shows the comparison between brake torque in the simulation and the torque set in the test 
data. Simulation results are less than 5% below the set value. This difference is small enough to consider 
the torque validated.  
 
Figure 29. Peak cylinder pressure validation in the 5L engine 
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In Figure 29 it is possible to see PCP, where, in most points, the simulation results are very close to those 
from the test data. Here, comparing this plot to Figure 22 the difference between the validated model 
and the previous one is obvious. 
 
Figure 30. BSFC validation in the 5L engine (the BSFC is normalised) 
Looking at the fuel consumption Figure 30 is obtained. On it, all points match accurately with the test 
data with exception of case 9. It is usually hard to make these points fit due to the lowest torque and 
higher engine speed, since the model is being run close to the limits of the engine. 
In the Figure 31 the relative error between the simulation results and the test data can be seen in 
percentage. The error is very low with the exception of the mentioned case.  
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Figure 31. Relative error in BSFC between simulation and test 
 
 
Figure 32. Air mass flow validation in the 5L engine 
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5.3.1.2. 8 litre engine 
In this case, the decision to run a validation in the 8 litre engine even though the pressure traces were 
not provided is to check if the assumption that the injection system for the 8 litre engine could be 
validated by validating the corresponding system for the 5 litre engine is true. 
In order to do that, the same variables that were forced in the previous section are forced now. The 
difference will be that those parameters related to the combustion (ignition delay, heat release constant, 
swirl and turbulence) are the same used in the 5 litre engine. 
To be able to accept the assumption that both engines have the same injection system, the aim is to 
check if the fuel consumption expressed as Brake Specific Fuel Consumption is the correct one. If it was, 
it would mean that the cylinder components are working as they should with the settings from the 5 litre 
engine and thus the assumption could be proved.  
 
Figure 33. BSFC validation for the forced 8 litre engine 
The results highlight that the error is always below 2.5% and then it is possible to move on knowing that 
the assumption done for the injection system is correct. 
5.3.2. Combustion forced 
In this case, results will be shown for both the five and eight litre engines. So far, the model in which the 
inlet manifold conditions are forced is validated. This means that the combustion parameters such as the 
heat release constant, the swirl, the ignition delay, the turbulence, the start of injection or the 
compression ratio will be fixed for this next step. The EGR is forced as well but in a different way respect 
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the other model; now the EGR controller is used. However, the inlet manifold is not fixed now and nor 
the turbo speed. 
5.3.2.1. 5 litre Engine 
The results may differ slightly in comparison with those shown before. The heat release, looking into the 
combustion phasing, and the cylinder pressure are checked again once the combustion parameters are 
fixed. 
 
Figure 34. Heat release and Cylinder pressure for simulation point at 1000 rpm and 400 Nm 
In the case of the brake torque in Figure 35, the simulation is very close to the test data and thus can be 
considered as validated.  
At this point, the inlet conditions should be as close as possible to the test data, as it was in the previous 
case, but without forcing the variables. In order to do that a VGT controller is used (its functions are 
explained in the modeling section). The result is shown in the Figure 38, being evident that the controller 
is working properly. Since the inlet conditions are validated and the combustion phasing is correct, the 
PCP (Figure 36) fits pretty well with the test. 
The BSFC (Figure 37) can be considered to be validated as well, since the average difference between the 
simulation results and the test data is less than 3%, not much higher than in the forced model. 
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Regarding the exhaust pressure (Figure 39), since the validation has been developed aiming to fix the 
inlet manifold pressure, the VGT position is automatically controlled so it is a bit harder to make the 
exhaust conditions fix perfectly with the test data. 
The lambda value (Figure 41) is consistent with the information taken from the air mass flow (Figure 40). 
The fuel mass flow is still a forced variable so for a lower amount of air mass flow than in the test data 
the lambda should be lower as well. The air mass flow can be considered as well enough for the 
validation taking into account that it follows closely the trend and that both a VGT controller and an EGR 
controller are used; no much tuning options for this variable. 
  
 
Figure 35. Brake torque for 5 litre engine validation 
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Figure 36. PCP for 5 litre engine validation 
 
 
Figure 37. BSFC for 5 litre engine validation 
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Figure 38. Pressure in the inlet manifold for the 5 litre engine validation 
 
Figure 39. Pressure in the exhaust manifold for the 5 litre engine validation 
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Figure 40. Air mass flow in the 5 litre engine validation 
 
Figure 41. Lambda value for the 5 litre engine validation 
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5.3.2.2. 8 litre Engine  
After the validation of the four cylinder engine, the validation for the six cylinder engine is done 
obtaining the following results. 
In Figure 42 it is possible to see the brake torque obtained in the simulation and how it fits almost 
perfectly in most points. 
 
Figure 42. 8 Litre engine torque validation 
Figure 40 shows the BSFC simulation and it is possible to see that in low load points it is higher than test 
data. If the pressure traces are analysed, it can be seen that this is due to a late phasing caused by a late 
start of injection. If comparing BSFC and PCP, differences with test data are related, where a higher PCP 
produces a lower BSFC and vice versa, as mentioned before. At the same time, higher PCP is caused by 
higher inlet pressure, which increases the amount of air in the cylinder and so the pressure inside the 
cylinder which then increases expansion work and the efficiency. The opposite reasoning can be done for 
a lower PCP. The inlet manifold pressure is a function of the VGT position, EGR valve position and 
pressure losses in the pipes. 
The exhaust manifold pressure is also a function of the pressure in the cylinder and so the inlet pressure. 
Figure 43 shows exhaust manifold pressure. It is possible to see that it differs from test data in a way that 
for low load simulated pressure is higher than test data, but for high load simulation pressure is lower. 
This can be explained with the difference in efficiency between the real turbine and the simulation. To 
achieve the same turbospeed and so inlet manifold, the geometric position of the VGT will differ from 
test data and simulation. 
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Figure 43. 8 Litre engine break specific fuel consumption validation 
 
 
Figure 44. 8 Litre engine peak cylinder pressure validation 
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Figure 45. 8 Litre engine inlet manifold pressure validation 
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Figure 46. 8 Litre engine exhaust manifold pressure validation 
Figure 47 shows the intake air mass flow measured through the air filter. Globally, simulation results are 
slightly below test data. This can be due to a lower efficiency in the turbine. Consequentially, lambda is 
lower than test data as it is a function of the air/fuel ratio, where the fuel mass flow and EGR percentage 
are forced. The difference in lambda is proportional to the difference in air mass flow. This thought can 
be developed if Figure 47 and Figure 48 are compared.  
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Figure 47. 8 Litre engine air mass flow validation
 
Figure 48. 8 Litre engine lambda validation 
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6. Results 
So far in the project, the two engine models under study are validated so it is possible to use them by 
running simulations along different driving cycles and conditions in order to know how they behave and 
hence know how the actual engines would perform in similar conditions. 
In order to do that, EngineOptimizer is used. At this point, the use of this software might be different 
from the one already explained in the validation step. Now, each engine will cover two different cycles 
each and several stages should be fulfilled. The first one is calculating the centerpoints and the base 
matrix as in the validation but now; since the models are validated and the cycles are prepared (more 
information about the cycles is written in 6.2. Driving cycles) an optimization is executed so that the 
engine is run minimising the BSFC. 
In this optimization, Engine Optimizer sweeps parameters around the centerpoints. These parameters 
are VGT position, EGR valve area, SOI and rail pressure. Optimization is then found fulfilling the model 
limits of maximum exhaust temperature, PCP, inlet pressure and lambda.  
6.1. Hypotheses 
Before comparing the results from both engines, hypotheses were written. These were based on 
research and previous knowledge. Together with their motivation, the following hypotheses were 
established. 
1. Along the same road cycle, the BMEP will be higher in the downsized engine. As the 
displacement per cylinder is the same, the downsized engine will need a higher load to keep the 
same torque and thus a higher BMEP.  
2. Temperature, PCP and NOx (per cylinder at least) emissions will be higher in the downsized 
engine working in the same driving cycle. Having a higher load and higher BMEP at higher rpm 
will lead to a faster combustion with higher peak pressure and temperatures; this will lead to 
high NOx emissions, as they depend on temperature.   
3. Air utilization per cylinder will be higher in the downsized engine. As the load needs to be higher 
for a higher BMEP for the same volume displacement, an increase in the amount of air is needed 
to avoid getting lower combustion efficiency. The influence of increasing the load should be 
higher than the increase in air mass flow.  
4. In the same driving cycle the downsized engine will have lower Brake Specific Fuel Consumption. 
The product of all efficiencies will be higher in the downsized engine leading to a lower BSFC. 
5.  Mechanical efficiency will be higher in the downsized engine. As the number of cylinders is 
reduced, despite working at higher speeds, mechanical losses will be reduced in a similar 
proportion.  
Basing the process on these hypotheses, some more specific objectives can be added to the main 
purpose of this thesis: 
1. Compare (for both the 5 litre engine and the 8 litre engine) the weighted fuel consumption for 
two driving cycles. 
2.  Study the different losses (heat transfer concept, friction, gas exchange, …) for both engines. 
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3. Analyse how to increase the torque from the 5 litre engine to check how close it can come to the 
8 litre engine. In order to do that, some restrictions in PCP, lambda, inlet temperature, turbo 
speed and so on should be taken into consideration. 
4. Compare the losses with the same maximum power at a higher engine speed and lower torque. 
6.2. Driving cycles 
In order to compare both engines, models are simulated in two driving cycles. These cycles come from 
analysing the behaviour of an engine along a certain haul. Data gathered in the engine speed-torque 
map is then arranged in “hot operating points”, where the engine works most of the time. This reduces 
the time of simulation, as only a few weighted operating points have to be simulated, getting a close 
approximation to the simulation of the real cycle.  
World Harmonized Stationary Cycle (WHSC) and World Harmonized Transient Cycle (WHTC) are used in 
this thesis project. 
The WHSC and the WHTC tests are respectively steady-state and transient engine dynamometer 
schedules defined by the Global Technical Regulation (GTR) No. 4 [2] developed by the UN ECE GRPE 
group [3]. The GTR is covering a world-wide harmonized heavy-duty certification (WHDC) procedure for 
engine exhaust emissions. [1] 
WHSC is a hot start test cycle, while WHTC is a cycle with both cold and hot start requirements. Both 
have been created covering typical driving conditions in the EU, USA, Japan and Australia. WHTC testing 
requirements were adopted for the first time by the Euro VI emission regulation for heavy-duty engines. 
[1] 
The WHSC is a ramped steady-state test cycle, with a sequence of steady-state engine test modes with 
defined speed and torque criteria at each mode and defined ramps between these modes. The 
parameters of the WHSC are listed in Table 2. Figure 49 shows the WSHC adapted to a 350 HP engine. [1] 
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ode Speed Load 
Weighting 
factor 
Mode 
length* 
- % % - s 
0 Motoring - 0.24 - 
1 0 0 0.17/2 210 
2 55 100 0.02 50 
3 55 25 0.10 250 
4 55 70 0.03 75 
5 35 100 0.02 50 
6 25 25 0.08 200 
7 45 70 0.03 75 
8 45 25 0.06 150 
9 55 50 0.05 125 
10 75 100 0.02 50 
11 35 50 0.08 200 
12 35 25 0.10 250 
13 0 0 0.17/2 210 
Total     1 1895 
* Including 20 s ramp 
Table 2.WHSC parameters [2] 
  
Figure 49. WHSC cycle for a 350HP truck [4] 
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The WHTC is a transient test of 1800 s duration, with several motoring segments. Normalized engine 
speed and torque values over the WHTC cycle are schematically shown in Figure 3. Figure 50 shows 
WHSC adapted to a 350 HP engine
1
. 
 
Figure 50. WHTC cycle for a 350 HP truck [4] 
 
                                                          
1
 https://www.dieselnet.com/standards/cycles/whsc.php. (n.d.) 
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Figure 51. WHTC torque and speed parameters[2] 
6.2.1. Adaptation of the cycles for the engines under study 
However, these standard cycles are based on a 350 HP engine, more powerful than the 5 litre engine. 
This means that the engine would not be able to achieve the torque required at some of the speeds. Due 
to that, the decision is to scale the cycles so that the engines under study are able to follow them but 
keeping the characteristics as they were before.  
In order to do that Engine Optimizer is used in a different way than it was used before. Now, the main 
goal is to know the maximum torque the engine is able to achieve under some conditions. With the 
intention of maximising the torque, five points are chosen to run the simulation. This time, the purpose 
in Engine Optimizer is not to minimise the BSFC or BSTC but maximising the torque. 
Some modifications need to be done in the setup of the software in order to run these simulations. One 
of the main changes with respect to the setup corresponding to the minimizing of the BSFC is that the 
regression model used in the program need to be linearly dependant with the torque.  
 5 litre engine 
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Engine Optimizer will calculate feasible points around the set baseline points fulfilling some constraints 
set in the interface. This way it is possible to see the maximum torque possible for each point. Taking the 
maximum value for each point we get the curve in the Figure 53. Maximum torque achievable for the 5 
litre engine, which will be used in order to scale the road cycles. 
 
 
Figure 52. Optimization run to calculate the maximum torque available 
 
 
Figure 53. Maximum torque achievable for the 5 litre engine 
Once the capability of the engine is known the cycle is scaled as follows. 
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Figure 54. Comparison between the original WHSC and the adapted WHSC. In the simulation, the 
weights for the points are kept equal to those shown in the Figure 46 
 
In the case of the WHTC, the values would be the same since the only difference between the two 
models is the weight for each point, what could indeed be the factor that makes one engine spend less 
amount of fuel than the other, for instance.  
To have more accurate calculations for Torque-Speed map, a grid more points is created and put into 
EngineOptimizer. The overview of this grid can be seen in the next figure. 
 
Figure 55. Centerpoints for the simulation. The new grids points match with the points in Figure 51 but the density of points is  
increased 
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 8 litre engine 
Since the main objective is to compare both engines, the 8 litre engine will be run in the exactly  same 
points as the driving cycles scaled to the 5 litre engine, so they will simulate an identical task and so can 
be compared.  
6.3. BSFC 
From this point on, different variables are compared. In the case of the BSFC, since the main objective is 
to minimise it, the corresponding plots will go in that direction. It can be seen in the following figures 
that the downsized engine has a lower BSFC in most points of the map even though there is one point 
that has higher consumption. This is explained with the purpose of downsizing, where mechanical and 
volumetric efficiencies are higher and so the BSFC is lower. 
The BSFC is shown in a normalized axis, being the reference point equal for both engines so that it is 
possible to compare them. 
 
Figure 56. Minimum BSFC for the 5 litre engine along the road described cycle. 
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Figure 57. Minimum BSFC for the 8 litre engine along the road described cycle. 
 
6.4. PCP 
Looking at the pressure in the cylinders, the downsized engine reaches higher values. This result can be 
understood through the fact that the downsized engine has a higher load per cylinder to compensate the 
lower displacement. Then higher temperature and pressure values are obtained. In the next figures it 
can be seen that higher levels of PCP are reached in the downsized engine. It is remarkable to say that in 
the optimization, the PCP is upper limited by 200 bar. 
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Figure 58. PCP for the 5 litre engine at minimum BSFC  
 
Figure 59. PCP for the 8 litre engine at minimum BSFC  
 
6.5. Lambda 
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depends on how the mixture is treated. On the other hand, as more boost is generally used in the 
downsized, the air flow entering the engine can increase and so the lambda value.  
 
Figure 60. Lambda for the 5 litre engine at minimum BSFC 
 
 
Figure 61. Lambda for the 8 litre engine at minimum BSFC 
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6.6. In Cylinder Temperature 
It is important to remember that both engines were run over the same cycle, what allows the reasoning 
used in the theoretical background chapter. For the downsized engine, since the speed and the torque 
are the same as in the big engine, the BMEP may be higher and so the temperature in the cylinder is 
higher. 
 
Figure 62. Maximum in Cylinder Temperature for the 5 litre engine in °C 
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Figure 63. Maximum in Cylinder Temperature for the 8 litre engine in °C 
 
 
6.7. Heat Loss in Cylinder 
Looking at the heat losses in each cylinder, the downsized engine has a higher load with higher pressures 
and temperatures, therefore it can be seen in the following figures that the heat losses are higher. 
 
Figure 64. Maximum Heat loss in the Cylinder for the 5 litre engine in W 
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Figure 65. Maximum Heat loss in the Cylinder for the 8 litre engine in W 
 
6.8. FI_IN  
In this project, Fi_in represents the burnt mass flow. Hence, this value is related to the amount of EGR 
and injected fuel. The figures shown below represent Fi_in value at minimum BSFC for both engines. 
 
Figure 66. Fi_in or burned gas in the 5 litre engine at minimum BSFC 
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Figure 67. Fi_in or burned gas in the 8 litre engine at minimum BSFC 
 
6.9. VGT Position 
In this section, a brief conclusion is given for the VGT behaviour. It is hard to compare both turbines 
because the two engines use different compressor and turbine. Since the point under study is the 
corresponding with lowest BSFC and we have seen that both the turbine and compressor work in similar 
way for both engines, it is possible to do it. 
In previous chapters in this project, it is already mentioned that in the downsized engine, if the external 
requirements for the engines are the same, more boost is necessary. In the figures below, it can be seen 
that generally, the VGT for the small engine work in lower positions, which means that the work is higher 
and so is the boost. 
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Figure 68. VGT position in the 5 litre engine at minimum BSFC 
 
 
Figure 69. VGT position in the 8 litre engine at minimum BSFC 
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6.10. Optimization for WHTC and WHSC cycles 
After the results shown before, Engine Optimizer is used in order to get the values for the different 
parameters in order to get the minimum BSTC along the cycles. The first two tables shown belong to the 
8 litre engine (WHSC and WHTC) and the two last, to the 5 litre engine. 
Comparing the result for the BSFC, the 8 litre engine increases its BSFC in a 1.23% when moving from the 
stationary cycle to the transient cycle, while the 5 litre engine only increases in 0.66%. This increase in 
BSFC is explained with the fact that a stationary cycle has fewer losses due to constant acceleration and 
deceleration. 
Looking at the downsizing improvement; the increase in BSFC is 6.81% for the stationary cycle, while the 
transient cycle has an improvement of 7.34%. These last results support downsizing in terms of fuel 
economy.  
 
Figure 70. Values after optimization for the WHSC cycle (8 litre engine) 
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Figure 71. Values after optimization for the WHTC cycle (8 litre engine) 
 
Figure 72. Values after optimization for the WHSC cycle (5 litre engine) 
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Figure 73. Values after optimization for the WHTC cycle (5 litre engine)  
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7. Conclusions 
After going through all the work done, the following conclusions can be extracted: 
 To keep the global engine power, the BMEP is higher in the downsized engine, PCP and 
temperatures are also higher. This agrees with hypothesis 1 and 2. 
 
 NOx model has not been successfully validated, so it is not possible to compare the emissions 
and thus hypothesis 2 cannot be completely checked. Despite that, analysing test data, NOx 
levels should be higher in the downsized engine. Looking at the strict emissions regulations, this 
will set a limit for displacement reduction. It may be a trade-off between higher NOx per cylinder 
but fewer cylinders. 
 
 The trend in the results for the lambda value is not clear: in the downsized engine the lambda 
value should be lower because more amount of fuel is needed for higher BMEP although high 
boost could counteract increasing lambda. 
 
 The cycles involved have been modified in order for the 4 litre engine to reach the requirements 
in torque. This means that the 4 litre engine will be able to handle these cycles in a tighter way 
than the 8 litre engine. It would be positive to test the engines in different types of road cycles. 
 
 Through the same driving cycles, as expected in hypothesis 4, BSFC is lower in the downsized 
engine. As they are directly related, lower BSFC will lead to lower HC emissions. 
 
 Since the optimum efficiency is at different operating points for each engine, the driving cycle 
used can be more favourable for one of the engines as the time spent on each operating point is 
different. This means that the downsized engine could perform better than the 8 litre in some 
conditions and vice versa. 
 
 While running both engines along the cycles, there are some constraints that make them work 
under physical and design targets. For instance, the PCP is set to be lower than 200 bar, what is 
limiting the performance for the 5 litre engine; the lambda value should be higher than 1.25; the 
end of injection is desired to be lower than 383 CAD; since the NOx is not completely fixed in the 
model a minimum amount of EGR is required to ensure the NOx emissions are limited; some 
other constraints related to the surge margin for the compressor, temperatures, pressures and 
turbo speed. 
An overall conclusion would be that downsizing is an advantage if the aim is to reduce consumption, but 
emissions regulation in NOx will be a limit. Lower displacement will also lead to higher pressures and 
temperatures and thus the engine would need to be dimensioned and designed in order to cope with 
them. More efficient turbocharging system will also be needed and thus the decrease in EGR flow should 
be managed.  
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8. Possible improvements 
After having studied the behaviour of the engines and according to some theoretical concepts showed in 
chapter   
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2. Theoretical backgrounda couple of feasible improvements in the engine can be extracted. 
Since one of the objectives when downsizing is to keep the power level close to the baseline engine but 
with reduced total displacement, boosting is an important factor to achieve it. In the studied downsized 
engine the solution is to use a VGT, the same system as in the 8 litre engine. By altering the pitch of the 
adjustable vanes, pressure at the intake manifold can be regulated so that the air mass flow can be 
changed to match the necessary air/fuel ratio for each point at different loads and speeds. Another 
boosting solution which might perform better is the use of a Two-Stage turbocharger. This solution 
would allow enlarging the range of operating points in which the turbocharger efficiency is high. 
Configuration in parallel for the downsized engine would let the system adapt to the load by using a 
bypass valve, which opens the path towards a second stage when the high load requires more boost 
from the turbo. This way, only one stage is used in low load when the pressure ratio is low; as opposed, 
two stages or a stage designed for higher pressure ratios is used when working at high load conditions.  
As mentioned in previous chapters of this thesis, when the turbocharging efficiency is high, the pressure 
difference between the inlet manifold and exhaust manifold is reduced causing difficulties in the 
unforced flow of EGR. To face this problem, a dual loop EGR system can be implemented. This solution 
includes a high pressure loop and a low pressure loop. When high turbocharging efficiency makes the 
high pressure loop unable to recirculate EGR, the low pressure loop is used to match EGR flow 
requirements.   
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9. Future work 
The current project has been limited in time so there are some topics that could be studied more in 
detail in future projects. 
 It would be very interesting if the model could stand transient behaviour so a future work could 
consist on implementing the corresponding functions to the current model. This would allow to 
study if the downsized engine is able to perform better than the base engine under transient pulses 
and hence decide for what sort of conditions the downsizing is a real solution to suit the new 
legislation.   
 Implementing the proposed improvements in the model to check if these updates would worth 
installing them or not.  
 In this project, the in-house software Model Calibration Tool is used but it could have been useful to 
try to face the validation/calibration step with the new ICEPAC tool. 
 The developed models have been used to find out the pros and cons for a downsized configuration 
but it is possible to use it in order to maximize the performance of the current engines, by studying 
how the different setup for different variables can modify the output. 
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